We examined the characteristics of fiber fuse propagation in hole-assisted fibers (HAF). The fiber fuse propagated in the same way as in conventional single-mode fiber (SMF) when the diameter of an inscribed circle linking the air holes (c) was much larger than the diameter of the melted area (D melted ). The melted area is caused by fiber fuse propagation and D melted is assumed to be almost the same size as the plasma. However, when c was much smaller than D melted , the fiber fuse did not propagate in HAF with input powers above 15 W at 1480 and 1550 nm. This result indicates that the threshold power of fiber fuse propagation in HAF can be at least 10 times larger than that in conventional SMF in the optical communication band. We also observed the dynamics of fiber fuse termination at a splice point between HAF and a conventional fiber by using a high-speed camera, when c was much smaller than D melted . We consider that the reduction in gas density caused by the air holes results in fiber fuse termination. When c was almost the same as D melted , we observed a new propagation mode and its dynamics for a fiber fuse with a damage track whose period was approximately 30 times longer than that in conventional SMF. We also made the first observation of a new threshold power (upper threshold) for a fiber fuse. key words: hole-assisted fiber (HAF), fiber fuse, high power
Introduction
The fiber fuse effect in silica-based fiber was first reported in the late 1980s [1] , [2] . A fiber fuse is an optical discharge (high-density plasma) propagating toward a light source that results in the catastrophic destruction of an optical fiber. Once initiated, the fiber fuse continues to propagate until the light source is shut down or the input power is reduced below the fuse-propagation threshold power. The propagation threshold of a fiber fuse in conventional fiber is as low as 1.2-1.5 W [3] .
On the other hand, the rapid growth in Internet traffic has led to a huge demand for transmission capacity. If we are to meet this exponential demand for capacity, we must greatly increase the optical transmission power. In addition, we use pump powers of several hundred mW up to 1 W in recently developed distributed Raman amplification systems. Therefore, in the near future the fiber fuse phenomenon will pose a real danger to optical communication systems constructed with conventional single-mode fibers [4] . There have already been many experimental and theoretical reports on the fiber fuse phenomenon [5] - [19] . In addition, several devices have been proposed with a view to avoiding the catastrophic damage caused by the fiber fuse, for example, a fiber fuse terminator using a thermally-diffused expanded core (TEC) fiber [20] , [21] and a device that can rapidly detect a fiber fuse and terminate it by monitoring the light back-reflected from the fiber fuse [22] . Recently, it was reported that the fuse propagation threshold in photonic crystal fiber (PCF) [8] and holeassisted fiber (HAF) [16] - [18] can be much higher than that in conventional single-mode fiber (SMF) in the optical communication band. It was suggested that the characteristics of fiber fuse propagation in HAF are determined by the relationship between the diameter of an inscribed circle linking the air holes (c) and the diameter of the melted area (D melted ) [16] . The melted area is caused by fiber fuse propagation and D melted is assumed to be almost the same as the size of the plasma.
In this paper, we describe the characteristics of fiber fuse propagation in HAFs in terms of the relationship between c and D melted . In Sect. 2, we describe the fiber parameters of HAFs and the experimental setup. In Sect. 3, we report that when c was much larger than D melted , the fiber fuse propagated in the same way as in SMF. However, the fiber fuse did not propagate even at a maximum input power of 15.6 W, when c was much smaller than D melted . We also observed the dynamics of fiber fuse termination at a splice point between a test fiber (HAF) and a conventional fiber (SMF or dispersion-shifted fiber (DSF)) with a highspeed camera. Furthermore, we describe the characteristics of fiber fuse propagation in HAFs when c was almost the same as D melted . We observed a new propagation mode and its dynamics for a fiber fuse in HAF with a damage track whose period was approximately 30 times longer than that in conventional SMF. We also made the first observation of a new threshold power (upper threshold) for the fiber fuse. Figure 1 shows a cross-section of a HAF with six air holes. We used five kinds of HAF and Table 1 shows their structural parameters. The five kinds of HAF we used had the same core diameter 2a of 9.0 µm. HAF-A, B, and C had six air holes and HAF-D and E had ten Figure 2 shows our experimental setup. The light sources used for the initiation and propagation of the fiber fuse were a Raman fiber laser and an amplified ASE operating at wavelengths of 1480 and 1550 nm, respectively. The amplified ASE was obtained using an ASE light source, band-pass filters (BPFs), and EDFAs. Two cw lights were simultaneously multiplexed with a WDM coupler to obtain a high input power of more than 10 W, and then guided into a test fiber after passing through fiber 1. We initiated a fiber fuse by heating fiber 2 with an arc discharge, and we examined its propagation in the test fiber. We also observed the dynamics of fiber fuse termination at a splice point between fiber 2 and a test fiber using a high-speed camera. Table 2 shows our experimental results for fiber fuse propagation in test fibers. First we observed the fiber fuse propagation in HAF-A. Figure 3 (a) shows a side view of a splice point between an SMF and HAF-A before and after fiber fuse propagation at a wavelength of 1480 nm. The coupled input power into HAF-A was 8.2 W. As shown in Fig. 3(a) , the fiber fuse propagated in HAF-A. The interval between the voids caused by the fiber fuse propagation in HAF-A was 23.6 µm, which is almost the same as that in the SMF. The Table 2 Results of fiber fuse propagation in HAF. fuse propagation threshold in HAF-A was 1.3 W at 1480 nm, and was the same as that in a conventional SMF with the same MFD. In contrast, with HAF-B, the fiber fuse terminated near the splice point between SMF and HAF-B, as shown in Fig. 3(b) . The input power coupled into HAF-B was 8.1 W at 1480 nm. We observed that the air holes in HAF-B were destroyed near the splice point by the fiber fuse, as shown in Fig. 3(b) . No fiber fuse was observed in HAF-B even at a maximum input power of 15.6 W (8.2 W at 1480 nm and 7.4 W at 1550 nm), which corresponded to 20 MW/cm 2 . The fiber fuse did not propagate in HAF-B when we directly heated it with an arc discharge. This is shown as 'none' in the fiber 2 column in Table 2 . Therefore, we can consider that the propagation threshold of a fiber fuse in HAF-B is above 15.6 W at around 1550 nm. This threshold power is more than 10 times that in conventional SMF. With HAF-C, we observed no fiber fuse even at a maximum input power of 13.5 W (35 MW/cm 2 ). When the test fiber was HAF-C, we used DSFs instead of SMFs for fibers 1 and 2 to reduce the MFD mismatch between HAF-C and fiber 1 (or 2).
Experiment

Fiber Parameters
Experimental Setup
Results and Discussion
Propagation Characteristics of Fiber Fuse in Test Fibers
Recently, it was suggested that the features of fiber fuse propagation in HAF are decided by the relationship between the parameter c and the diameter of the melted area (D melted ) [16] . The melted area is caused by fiber fuse propagation, and D melted is considered to be almost the same size as the plasma. We measured the D melted values by observing the cross-sections with precise control of the detector settings (gain and offset) in a laser scanning microscope. The measurement accuracy for D melted was about 1%. Figure 4 shows the D melted change versus the input power at 1480 and 1550 nm in conventional SMF. The input power at 1480 nm was the same as that at 1550 nm. D melted increased monotonously with the input power. In our experiment, the D melted values in conventional SMF were 22.8 and 23.5 µm at input powers of 13.5 and 15.6 W, respectively. The c values in HAF-A, B, and C were 30.7, 17.1, and 9.5 µm, respectively. So c in HAF-A is larger than D melted even for a 15.6 W input, and c in HAF-B and C is smaller than D melted at the maximum input powers. Since the fiber fuse propagated in HAF-A, but not in HAF-B or C, we consider that the propagation threshold of a fiber fuse increases greatly when c < D melted , which coincides with the experimental re- sults reported in Ref. [16] . It should be noted that the air hole diameter in the HAF used in Ref. [16] was 16-17 µm, which is much larger than the diameter of about 5 µm in our HAFs. So we demonstrated that the fiber fuse was terminated even by small air holes with a diameter of about 5 µm. The above experimental results show that the fuse propagation threshold in HAF can be much higher than that in conventional SMF with the same MFD. This indicates that HAF is attractive not only as a bending-loss insensitive fiber [23] , [24] but also as a fiber for suppressing fiber fuse propagation or for use as a fiber fuse terminator. Figure 5 consists of six successive images taken at intervals of 50 µs that show the dynamics of fiber fuse termination at a splice point between SMF and HAF-B. These images were obtained with a high-speed camera operating at 10 5 frames per second (fps). The input powers in Figs. 5(a) and (b) were 12.0 W (6.0 W at both 1480 and 1550 nm) and 4.0 W (2.0 W at both 1480 at 1550 nm), respectively. As shown in Fig. 5(a) , the plasma was smaller after it had passed through the splice point, and the fiber fuse terminated around 110 µm from the splice point at an input power of 12.0 W. We also observed that the air holes were completely destroyed by the fiber fuse from the splice point to near the termination point. When the input power was 4.0 W, the penetration length from the splice point was very short, as shown in Fig. 5(b) . Figure 6 shows the variation in fiber fuse velocity as a function of the penetration length from the splice point between the SMF and HAF-B. The filled circles in Fig. 6 correspond to an input power of 12.0 W. The propagation velocity was constant when the penetration length had a minus value, that is, when the fiber fuse propagated in the SMF. After passing through the splice point, the velocity decreased monotonously with the penetration length and became zero around 110 µm from the splice point. When the input power was 8.0 W, the fiber fuse velocity, shown by open circles in the figure, decreased with the penetration length, but became zero around 80 µm, which was shorter than that at an input power of 12.0 W. Since the velocity increases with the plasma temperature [12] , Fig. 6 indicates that the plasma temperature decreased monotonously with the penetration length. This coincides with the fact that the plasma became smaller with the penetration length, as shown in Fig. 5(a) .
Dynamics of Fiber Fuse Termination at a Splice Point
It is reported that a decrease in the gas density during cladding destruction results in the termination of the optical discharge in fibers with a reduced cladding thickness [10] . We consider that when the plasma size (∼ D melted ) is larger than c in HAF and the plasma reaches the air holes, there is a reduction in gas density, and this results in a decrease in the gas temperature and finally the termination of the fiber fuse, because the gas density reduction should lead to heat reduction by light absorption. Figure 7 shows the dynamics of the fiber fuse termination at a splice point between the DSF and HAF-C. The input powers in Figs. 7(a) and (b) were 12.0 and 4.0 W, respectively. These images were obtained at intervals of 50 µs. As shown in Fig. 7(a) , the plasma was smaller after it had passed through the splice point, as in HAF-B when the input power was 12.0 W. But the penetration length in HAF-C was 75 µm, which was shorter than that in HAF-B for the same input power. When the input power was 4.0 W, the penetration length from the splice point was very short as in HAF-B, as shown in Fig. 5(b) . Figure 8 shows the variation in the penetration length in HAF-B and HAF-C as a function of the input power. In HAF-B, the penetration length increased with increases in the input power. When the input power was 12.0 W, the penetration length in HAF-B was 110 µm, which was longer than the value of 75 µm in HAF-C. When the input power was 8.0 W, the penetration length in HAF-B was much longer than that in HAF-C. We consider that the reason for the penetration length in HAF-C being shorter than that in HAF-B for the same input power is that the reduction in gas density caused by the air holes in HAF-C may be stronger than that in HAF-B, because the parameter c of HAF-C is smaller than that of HAF-B and the hole diameter (d) of HAF-C is a little larger than that of HAF-B. at point 1 as shown in Fig. 9(a) . Figures 10(a) and (b) show cross-sections at point 1 before and after fiber fuse propagation, respectively. After the propagation, the air holes had disappeared completely, and a large void with a diameter of 8 µm remained at the center as shown in Fig. 10(b) . This is consistent with the side view at point 1 shown in Fig. 9(a). Figures 10(c) and (d) , respectively, show cross-sections at points 2 and 3. Slightly distorted air holes remain at points 2 and 3 after the propagation. There are voids at the centers at points 2 and 3 that are smaller than that at point 1.
The open circles in Fig. 11 show the D melted changes in HAF-D along the propagation distance within a period of 460 µm when the input power was 4.5 W. The horizontal axis is the distance from point 1 normalized with a period of 460 µm. The fiber fuse propagated from a normalized distance of 0 to 1. Although we cannot see the melted area whose diameter is defined as D melted in Figs. 10(b)-(d) , we can measure the D melted values by observing the crosssections with precise control of the detector settings in a laser scanning microscope. D melted was 23 µm at a normalized distance of 0, which corresponds to point 1. So D melted at point 1 was larger than c, and ten air holes were completely destroyed, as shown in Fig. 10(b) . When the normalized distances were 0.25 and 0.43, which correspond to points 2 and 3, respectively, the D melted values decreased to 15.5 and 13.6 µm, respectively. These values are smaller than c, and therefore we consider that the air holes did not disappear at points 2 and 3. By contrast, D melted in the SMF remains constant along the propagation distance and is 20.7 µm for an input of 4.5 W, which is almost the same as c in HAF-D. Figure 12 shows the change in D melted versus the input power at 1550 nm in a conventional SMF. When the input power fell from 7 W to 2 W, the D melted value gradually decreased. When the input power further decreased to near the fuse-propagation threshold power (1.35 W) in the SMF, D melted decreased rapidly. The D melted values in Fig. 11 at normalized distances of 0.43 and 0.67 are almost the same as that near the fuse-propagation threshold power in SMF, as shown in Fig. 12 . Since the velocity of the fiber fuse is almost proportional to the input power, and D melted is a function of the input power, the velocity of the fiber fuse is related to the D melted value. Therefore, we can expect the velocity of the fiber fuse in HAF-D at an input power of 4.5 W to be different from that in SMF at the same input power. In fact, the average velocity of the fiber fuse in HAF-D was 0.33 m/s, which is half that of 0.65 m/s in the SMF when the input power was 4.5 W. Figure 13 shows the dynamics of the fiber fuse propagation in HAF-D at an input power of 4.5 W. These images were obtained at intervals of 0.35 ms by using a highspeed camera operating at a speed of 10 5 fps. The lowest image in Fig. 13 shows a side view of HAF-D after fiber fuse propagation, which reveals the relationship between the damage track in the lowest image and the plasma position in the higher images. The core area is enlarged in Fig. 13 . After passing through point 1, the plasma size and brightness decreased along the propagation distance as shown in Fig. 13 , and then increased again. The plasma size changed periodically with an interval of 1.41 ms, which corresponds to the propagation distance of 460 µm. This coincides with the fact that the average velocity of the fiber fuse in HAF-D was 0.33 m/s. In contrast, the plasma size in SMF was unchanged throughout the propagation. Figure 14 shows the variations in the propagation velocities in HAF-D and SMF along the propagation distance when the input power was 4.5 W. Closed circles and a solid line correspond to the fiber fuse velocity in HAF-D and SMF, respectively. We measured the velocity of the plasma front as the fiber fuse velocity in Fig. 14 . The horizontal axis is the distance of the plasma front from point 1 normalized with a period of 460 µm. As shown in Fig. 14 , in HAF-D the propagation velocity of 0.63 m/s was observed around a normalized distance of 0.1, which is almost the same as that in SMF at the same input power. Then, the velocity rapidly decreased to 0.3 m/s around a normalized distance of 0.4. After that, it gradually decreased during the propagation and reached 0.25 m/s, which is almost the same as that for the fuse propagation threshold in SMF. Then, the velocity rapidly increased again. In contrast, the velocity in SMF remained unchanged throughout the propagation. The above differences between HAF-D and SMF as regards the change in the D melted value and the fiber fuse velocity along the propagation distance indicate that the physical mechanism of the fiber fuse propagation in HAF-D at an input power of 4.5 W is different from that in SMF.
On the other hand, when the input power became small and D melted was much smaller than c in HAF-D, the longperiod damage track seen in Fig. 9(a) was no longer ob- served, and a conventional short-period damage track appeared as observed in SMF. For example, when the input power was 1.34 W, the D melted value in HAF-A was 13.3 µm, which is almost the same as that in SMF, and it remained constant along the propagation distance. The fuse propagation threshold in HAF-D was 1.33 W, which is almost the same as that of 1.35 W in a conventional SMF. Therefore, we consider that when the input power is small and the plasma size (∼ D melted ) is much smaller than c, the effect of the air holes on the plasma is negligible, and the fiber fuse in HAF-D propagates in the same way as in SMF. However, when the input power increases and D melted becomes close to c, we assume that the melted glass (liquid layer) covering the plasma [14] penetrates into the air holes, which results in an increase in gas volume and a simultaneous decrease in gas density. This should lead to a reduction in plasma size (∼D melted ) as observed in Fig. 11 because the gas density reduction should induce a heat reduction by light absorption. We have already shown in Sect. 3.1 that when c < D melted and d is sufficiently large, the fiber fuse propagation terminates in the HAFs, because the gas density reduction caused by the air holes may occur strongly. Although there are several theoretical models of fiber fuse propagation, they describe uniform propagation along the propagation distance and do not account for the present experimental results.
We then examined fiber fuse propagation in HAF-E. When the input power was low, we observed a conventional short-period damage track as seen in SMF. The fuse propagation threshold in HAF-E was almost the same as that in a conventional SMF. When we increased the input power, a long-period damage track appeared. Figure 15 shows a side view of HAF-E after fiber fuse propagation at an input power of 3.85 W. As shown in Fig. 15 , we observed a longperiod damage track with a period of 94 µm. We did not observe the complete destruction of the air holes in HAF-E as seen in HAF-D. The open triangles in Fig. 11 show the D melted change in HAF-E along the distance from point 1 in Fig. 15 normalized with a period of 94 µm. D melted at point 1 was 16.5 µm, which was smaller than the c value in HAF-E. D melted decreased to 14.0 µm at a normalized distance of 0.39. Since the values of the decreased D melted along the propagation distance in HAF-D and E are close to the D melted value near the fuse propagation threshold in SMF, and much smaller than c, we assume that the air holes have negligible effect on the plasma and that the plasma size increases again by the absorption of the input power, which is much higher than the threshold power.
It is very interesting to note that there was no fiber fuse propagation when the input power was above 3.93 W. This means that HAF-E has both a conventional fuse-propagation threshold (lower fuse-propagation threshold) and a new up-per fuse-propagation threshold. This is the first observation of the upper fuse-propagation threshold of the fiber fuse. The termination of fiber fuse propagation above 3.93 W in HAF-E may be due to the strong gas-density reduction caused by the air holes as observed in HAF-B and C. We assume that we observed no upper threshold in HAF-D because its air holes have a smaller diameter than those in HAF-E, and this smaller air hole area in HAF-D will result in less reduction in the gas density. We will undertake a further study of the fiber fuse propagation characteristics in HAF, especially the effects of hole diameter on fiber fuse propagation.
Conclusion
We examined the characteristics of the fiber fuse propagation in hole-assisted fibers (HAF). We found that they depend on the relationship between the diameter of an inscribed circle linking the air holes (c) and the diameter of the melted area (D melted ) caused by the fiber fuse. Although the fiber fuse propagated in the same way as in conventional SMF when c was much larger than D melted , it did not propagate in HAF with input powers above 15 W at 1480 and 1550 nm, when c was much smaller than D melted . Therefore, we consider that the threshold power of fiber fuse propagation in HAF can be at least 10 times larger than that in conventional SMF in the optical communication band. This indicates that HAF is attractive not only as a bending-loss insensitive fiber but also as a fiber that can suppress fiber fuse propagation or function as a fiber fuse terminator. We also observed the dynamics of fiber fuse termination at a splice point between conventional fiber and HAF by using a high-speed camera, where c was much smaller than D melted . We consider that the reduction in gas density caused by the air holes results in fiber fuse termination.
We also examined the fiber fuse propagation characteristics in two HAFs when c was almost the same as D melted . We observed a new fiber fuse propagation mode with a longperiod damage track that had an approximately 30 times larger period than that in conventional SMF. We also found for the first time that there is a new fuse-propagation threshold power (upper threshold) in HAF. We consider these results to be important as regards designing a HAF that can suppress fiber fuse propagation or be used as a fiber fuse terminator.
